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Abstract: Graphene oxide (GO) was used as a support for manganese oxide (MnO2) for the
preparation of a nanocomposite catalyst for the degradation of an azo dye, Reactive Black 5 (RB5).
The nanocomposite was characterized for the structure by XRD, for the morphology with SEM,
and for the surface chemistry with FTIR and potentiometric titration measurements. The GO-MnO2

nanocomposite presented a high catalytic activity for the degradation/oxidation of RB5 at ambient
conditions, which was higher than that of the pure MnO2 and could be attributed to the beneficial
contribution of the manganese oxide and the graphene oxide.
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1. Introduction

It is widely known that an important problem of environmental science is the existence of high
toxic compounds in effluents. In particular, a special class of pollutants that can cause carcinogenetic
problems is dyes. The synthetic dyes that exist in wastewaters are considered to be a big hazard due to
the pollution of the water resources. Among the huge variety of dyes in wastewaters, synthetic azo
dyes, which are extensively applied in industry (dyeing and textile processes), are highly persistent in
the aquatic environment and have possible mutagenic and carcinogenic effects [1]. Azo dyes are organic
molecules/compounds with one or more azo group (–N=N–) that is directly united with aromatic rings
(benzene and/or naphthalene) as well as some other functional groups (amino, hydroxyl, carboxyl,
chlorine, sulfonate, etc.) with excellent solubility in the water.

The recent research contains various methods for reducing the impact of azo dyes on public
health and environmental quality. Common classes of techniques are physical-based (adsorption,
ion exchange, membrane filtration [2–6]), chemical-based (ozonation, electrochemical degradation,
advanced oxidation processes), and biological-based (biodegradation, bioaccumulation, biosorption
using fungi, algae, yeast, and bacteria) [7–10]. Due to the many drawbacks presented in conventional
wastewater treatment technologies (high operation costs, energy consumption, reduced efficiency due
to the chemical stability of dyes and/or the complexity of their degradation), the recent trend is to
combine the techniques for sustainability, as oxidation/catalysis or adsorption/catalysis, etc.

In the last decades, a huge number of catalysts were synthesized using oxides of Ti, Zn, and
Mn [9,11–13] as the bases. Manganese dioxide (MnO2) is a promising material because of it is low cost,
it presents high stability, and it has environmental compatibility as well as abundant availability [14].
Nano-manganese dioxide have been studied as adsorbents [15,16] and oxidants/degradants [17–20]
for a great variety of organic pollutants and dyes due to its octahedral crystal structure (MnO6) and its
high redox potential [21]. MnO2 is usually synthesized at nanoscale in order for more reaction sites to
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be obtained [22,23], presenting difficulties in separation from aquatic solutions. An alternative method
for solving this problem is the preparation of composites with graphite and/or graphene oxide (GO).
GO contains reactive oxygen functional groups (hydroxyl, carboxyl, epoxy groups) attached to an
sp2/sp3 hybridized carbon network that provides hydrophilic character and chemical reactivity [24–26].
It is a fact that GO has an important impact on many applications nowadays, such as batteries [27],
nanofiltration [28], electrodialysis [29], imaging [30], etc. GO-MnO2 nanocomposites are easier to
separate from water, and their high conductivity can accelerate electron transfer [31,32], which is
beneficial for the oxidation of organic molecules. Therefore, GO is an important and promising support
for MnO2 nanoparticles as an effective catalyst for the adsorption and degradation improvement.
In the present study, a GO-MnO2 nanocomposite was prepared and applied as the catalyst for Reactive
Black Five (RB5) oxidation, which was selected as a model organic molecule. RB5 was selected as
a model azo-dye. The aim of our study was to examine the possible synergetic effect of adsorption
and oxidative degradation. Adsorption of RB5 was previously examined from our team as a model
azo-dye pollutant for the adsorption method (with various adsorbent materials). For this reason,
RB5 was selected as a solute. The nanocomposite (catalyst) was characterized for the structure by XRD,
for the morphology with SEM, and for the surface chemistry with FTIR and potentiometric titration
measurements. The full series of degradation experiments (pH, ionic strength, kinetics) was performed
in order to examine the degradation ability of GO-MnO2 for RB5. The GO-MnO2 nanocomposite
exhibited high potential in RB5 degradation.

2. Materials and Methods

2.1. Materials

RB5 and KMnO4 were purchased from Chem-Lab NV (Zedelgem, Belgium), graphite, H2O2,
and NaCl were purchased from Sigma Aldrich (St. Louis, MO, USA), and MnSO4 was purchased from
Merck (Darmstadt, Germany). All reagents were of analytical grade ≥98.5%.

2.2. Synthesis of GO, MnO2, and GO-MnO2

The GO was prepared by oxidation of graphite according to the modified Hummers method [33].
Briefly, graphite powder (10 g) was added in sulfuric acid (230 mL, 0 ◦C) under stirring, followed by
potassium permanganate (30 g) addition. Finally, hydrogen peroxide (100 mL, 30 wt% solution) was
added, and the GO particles formed were separated by decantation and transferred to dialysis tubes
(D9402-100FT Sigma-Aldrich (St. Louis, MO, USA), until sulfate ions were removed. When the solution
was clear, the wet form of graphite oxide was separated by filtration, freeze-dried, and denoted as GO.

In the case of manganese oxide (MnO2) preparation, a 30 mL solution of KMnO4 (0.21 mol L−1)
was added dropwise to a 0.2 mol L−1 solution of MnSO4 under stirring. MnO2 was formed according
to the reaction in Equation (1) [34]:

2KMnO4 + 3MnSO4 + 2H2O→ 5MnO2 + K2SO4 + 2H2SO4. (1)

For the synthesis of GO-MnO2 composite, 2 g of graphite oxide was dispersed in 175 mL of
deionized water and then ultra-sonicated for 1 h. A solution of KMnO4 (0.8 g of KMnO4 dissolved in
100 mL deionized water) was slowly added into the above dispersion under vigorous stirring and kept
in darkness under ambient conditions for 12 h. The product was collected by centrifugation, washed
with deionized water and absolute ethanol, and freeze-dried [35]. The resulted material was denoted
as GO-MnO2.

2.3. Characterizations

XRD measurements were conducted at a PW1820 X-ray diffractometer (Philips, New York, NY,
USA) with a Cu Kα radiation for crystalline phase identification at a scan rate of 2◦ min−1. SEM
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images were performed with an electron microscope (JEOL JSM-840A, Tokyo, Japan) with an energy
dispersive X-ray (EDX) micro-analytical system. EDX analysis was done at magnification 10 K and
led to the maps of elements for the determination of Mn distribution on the surface. FTIR spectra
were taken with a Nicolet 560 (Thermo Fisher Scientific Inc., Madison, WI, USA) FTIR spectrometer.
Potentiometric titration measurements were carried out with a T50 automatic titrator (Mettler Toledo,
Columbia, SC, USA) [36].

2.4. Degradation Activity

2.4.1. Effect of pH

The effect of pH was tested by dispersing 0.01 g of MnO2 and/or GO-MnO2 in 20 mL (V) of
RB5 solution (C0 = 60 mg L−1) in capped vials. The pH value was adjusted between 3 and 9 by
additions of HNO3 (0.01 mol L−1) or NaOH (0.01 mol L−1). The suspensions were shaken for 24 h
(agitation rate: N = 160 rpm) in a water bath at 25 ◦C. After, they were centrifuged in order to separate
the solid catalysts, and the residual dye concentration was detected by UV-vis spectrophotometer
(model U-2000, Hitachi, Tokyo, Japan) at 603 nm. The RB5 removal percentage (R%) was calculated by
Equation (2):

R(%) =
C0 −Ce

C0
·100% (2)

where C0 and Ce (mg L−1) are the initial and equilibrium concentrations of RB5, respectively.

2.4.2. Effect of Ionic Strength

The effect of ionic strength was examined by dispersing 0.01 g of MnO2 and/or GO-MnO2 with
20 mL (V) of RB5 solution (C0 = 60 mg L−1) with an addition of NaCl concentrations from 0.01 and
1 M. The suspensions were shaken for 24 h (agitation rate: N = 160 rpm) into a water bath to control
the temperature at 25 ◦C at pH = 3.

2.4.3. Kinetics

For decolorization experiments, 0.01 g of adsorbent was dispersed in 20 mL (V) of RB5 solution
(C0 = 20, 40 or 100 mg L−1) in capped vials. After shaken for 24 h at 25 ◦C at 160 rpm for different times
(5 min–24 h), the dispersions were centrifuged, and the residual dye concentration was measured
by UV-vis at 603 nm. The kinetic results were fitted to pseudo-first order [37] (Equation (3)) and
pseudo-second order [38] (Equation (4)) kinetic models:

Ct = C0 − (C0 −Ce)
(

1− e−k1t
)

, (3)

Ct = C0 − (C0 −Ce)

(
1− 1

1 + k2t

)
, (4)

where k1, k2 (min−1) are the rate constants for the pseudo-first and -second order kinetic equations;
C0, Ct, Ce (mg/L) are the initial, transient, and equilibrium concentrations of dye in the aqueous
solution, respectively.

3. Results and Discussion

3.1. Characterizations

The XRD patterns of GO, MnO2, and GO-MnO2 are presented in Figure 1. The characteristic (001)
peak of graphite oxide centered at 2θ = 10.3◦ is indicative of the successful oxidation of graphite into
graphite oxide [39].
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nanocomposite. 2θ (degrees).

In the diffraction pattern for MnO2, the basal reflections at 2θ = 11.4◦, 25◦, 37.2◦, and 66.7◦ (inset
in Figure 1) could be attributed to the (001), (002), (111), and (311) basal reflections diffraction bands
of δ-MnO2 (birnessite JCPDS 80-1098), respectively [40,41]. The broadness of the peaks indicated the
low crystallinity of the manganese oxide. The average crystallite size (D) of MnO2 was estimated by
applying the Debye Scherrer’s equation for the (111) peak. The crystallite size of MnO2 was found to
be about 65 nm. The XRD spectra for GO-MnO2 composite presented a diffraction peak at around 11◦,
which was attributed to the (001) of GO. The peak appeared at a slightly higher reflection angle with a
lower intensity than in GO, demonstrating that GO in GO-MnO was partially exfoliated. Furthermore,
the diffraction peaks could be indexed to δ-MnO2 (birnessite JCPDS 80-1098). The peaks were less
broad than those of MnO2, indicating the poor crystallinity and the high dispersion of the inorganic
phase around the graphitic layers in the obtained composite. The diffraction patterns resembled those
referenced in literature that were assigned the peaks to birnessite type MnO2 [42]. This result agreed
well with the reported MnO2 on graphene [43,44]. The crystallite size was calculated from the major
(211) diffraction peak using the Debye Scherrer approximation and was found to be about 205 nm.
The total Mn content for the GO-MnO2 nanocomposite, calculated by atomic absorption spectroscopy
(AAS) measurement, was found to be 200 mg Mn per gram of nanocomposite.

The morphology, size, and microstructure of the nanocomposite catalyst were also characterized
by SEM, and the results are presented in Figure 2. SEM images of the GO-MnO2 nanocomposite
revealed a partially layered structure of this nanocomposite, which was indicative of the partial
exfoliation of GO in the composite. The energy dispersive spectroscopy (EDS) spectra of GO-MnO2

revealed that the detectable elements were manganese, carbon, and oxygen, with the carbon originating
from the GO nanosheets, the oxygen from GO and MnO2, and the manganese from MnO2. The uniform
distribution of MnO2 nanoparticles was testified in the SEM-elemental maps of the manganese for the
nanocomposite (Figure 2c), which revealed MnO2 nanoparticles to be uniformly distributed on the
surface of GO nanosheets.
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The textural changes, illustrated by the pore size distribution curves derived from density
functional theory (DFT) calculations, are presented in Figure 3b. The GO-MnO2 composite was
more porous than the parent GO and less porous than MnO2. During the composite formation, GO
was oxidized, and defects that were created in the graphene layers contributed to the increase in
porosity. MnO2 prepared could be considered a porous oxide with a surface area comparable to those
previously reported [45,46].
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Figure 2. (a) SEM images of GO-MnO2 nanocomposite; (b) SEM-EDS; (c) SEM-maps of the manganese
distribution on the GO-MnO nanocomposite.

The N2 adsorption isotherms for MnO2 and GO-MnO2 are seen in Figure 3a, and the pore
size distribution is seen in Figure 3b. The N2 adsorption isotherms for MnO2 indicated a lack of
micropores and an increased nitrogen uptake at P/P0 > 0.95, which is indicative of external surface
area. The isotherm for the GO-MnO2 composite did not present a variation in nitrogen uptake in the
initial part of the isotherm—indicative of a lack of micropores. The textural parameters of the GO,
MnO2, and the GO-MnO2 nanocomposite are seen in Table 1. Table 1 conveys that the specific surface
area for the GO-MnO2 composite was 25.85 m2 g−1. It is seen that the specific surface area and the
total pore volume of GO support increased slightly after impregnation with MnO2.
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Figure 3. (a) N2 adsorption isotherms for GO (black line), MnO2 (red line) and GO-MnO2; (blue line);
(b) pore size distribution for GO, MnO2, and GO-MnO2.

Table 1. Textural parameters of GO, MnO2, and GO-MnO2.

Sample SBET (m2 g−1) Vtotal (cm3 g−1) Vmeso (cm3 g−1) Vmicro (cm3 g−1)

GO 20.93 0.088 0.024 0.065
MnO2 38.50 0.336 0.336 0

GO-MnO2 25.85 0.133 0.133 0

From the textural results, we concluded that the small surface area and the volume of pores of
GO-MnO2 could not be the main parameters for the high performance of the composite. For this
reason, the surface chemistry was further investigated.

Differential thermogravimetric (DTG) curves (measured in nitrogen atmosphere) for MnO2,
GO-MnO2, and GO are presented in Figure 4 for the sake of comparison. For all materials, the peaks at
about 100 ◦C represented the removal of adsorbed water, while for MnO2, the peak at about 200 ◦C
represented the dehydration of crystal water of manganese oxide [47,48]. For GO-MnO2, the peak
at about 200–250 ◦C was due to the mass loss from the removal of the oxygen-containing functional
surface groups. For the GO-MnO2 composite, a decrease in the peak intensity was seen and was due to
the decrease in the oxygen containing surface groups after the composite formation. The complex peaks
between 300 and 600 ◦C may represent the reduction of Mn(IV) to Mn(II) with a loss of oxygen [49].
MnO2 was reduced to Mn2O3 [30] and then to Mn3O4 and MnO. Then, Mn(II) was reduced between
750 and 800 ◦C.
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3.2. Dye Degradation

The influence of several parameters—such as pH, ionic strength, and contact time—on the
removal of RB5 by MnO2 and GO-MnO2 nanocomposite was initially investigated in order for the best
performance conditions to be testified.

3.2.1. Effect of pH and Ionic Strength

The effect of the solution pH in a range of 3–9 on RB5 removal by MnO2 and GO-MnO2 is shown
in Figure 5a. With an increase in the pH value, the RB5 removal of GO-MnO2 decreased from about
85% at pH 3.0 to about 60% at pH 9.0 with the maximum uptake at pH 3.0. These results suggested
that RB5 removal from the aqueous solution by GO-MnO2 was facilitated in acidic solutions. The same
trend was observed for the other materials. The oxidation of organic pollutants by MnO2 is usually
pH-dependent [50] because of the pH-dependent redox potential of MnO2/Mn2+ and the speciation
of organic pollutants [51]. The pH-dependence of RB5 removal by GO-MnO2 may be connected to
either the degree of RB5 elimination (due to the oxidizing ability of MnO2 and thereby the pH of the
solution, since reduction of MnO2 to Mn2+ requires the participation of protons), or to the fact that the
RB5 oxidation by GO-MnO2 is considered a surface reaction connected to the surface chemical nature
and charge.

Solution pH is important for adsorption as well as for degradation because it influences the
surface charge of the adsorbent. Thus, we concluded that RB5 sorption on GO-MnO2 depends on
the surface charge of GO-MnO2 at different pH values and also on the surface charge of RB5 species.
Potentiometric titration results indicated that the total surface charge (Qsurf) of GO-MnO2 was negative
for the pH range > 5 (Figure 5b) due to oxygen-containing surface functional groups. At pH values > 5,
these groups were deprotonated, and negative surface charges were formed that resulted in electrostatic
repulsions with the negatively charged surface groups of RB5 molecules. Consequently, there was
a decrease in the adsorption ability of GO-MnO2 at this pH range. At pH values < 5, these oxygen-
containing functional groups were protonated, and positive surface charges were formed that resulted
in electrostatic attractions with the negatively charged surface groups of RB5 molecules. Consequently,
there was an increase in the adsorption ability of GO-MnO2 at this pH range. For pH values < 5,
since the pKa of RB5 is 10.16, at these pH values (pH < pKa), the interactions between RB5 molecule
and the composite’s surface were between –OH2

+ surface groups of the composite and the molecular
form of the dye molecule. Garcia et al. [52] calculated the partial negative charges of the RB5 molecule,
as sulfonate (−0.8677), sulfate (−0.8641), sulfonic (−0.8294), and hydroxyl (−0.2496). The adsorption
of the dye onto a positively charged surface could be attributed to the sulfonate groups it possesses
due to the larger density of electronic charges [53]. Since the maximum removal for GO-MnO2 was
attained at a pH of 3.0, equilibrium and kinetic experiments were performed at this pH.

For GO-MnO2 nanocomposite, the adsorption capacity was found to increase slightly with the
increase in NaCl concentration, as presented in Figure 5c. This may have been due to the salting out
effect of electrolytes via the decrease in the solubility of RB5 [54]. Since the adsorption performance of
GO-MnO2 was the best at 1 mol L−1 NaCl, all experiments were performed under these conditions.
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nanocomposite (V = 20 mL; C0 = 60 mg L−1); (b) proton uptake curves for MnO2 and GO-MnO2

nanocomposite; (c) effect of ionic strength on RB5 adsorption/degradation onto GO-MnO2 (V = 20 mL;
C0 = 60 mg L−1).
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3.2.2. Effect of Contact Time—Effect of H2O2

The experimental results presented in Figure 6 indicate that RB5 degradation on GO-MnO2

reached equilibrium in 60 min. The results were fitted to the pseudo-first-order and pseudo second-
order kinetic models. The pseudo second-order kinetic model was found to better describe the results.
The kinetic parameters are shown in Table 2.

Table 2. Kinetic parameters for the RB5 degradation related to Figure 6a,b.

Pseudo-First Order Pseudo-Second Order

k1 R2 k2 R2

Curve Figure min−1 - min−1 -

100 mg L−1 RB5 (+H2O2) 7a 0.45993 0.998 1.34084 0.995
100 mg L−1 RB5 - 0.05804 0.974 0.09595 0.976

60 mg L−1 RB5 (+H2O2) - 0.28312 0.994 0.78528 0.997
60 mg L−1 RB5 - 0.05333 0.979 0.09390 0.975

20 mg L−1 RB5 (+H2O2) - 0.05450 0.965 0.09543 0.979
20 mg L−1 RB5 - 0.04981 0.991 0.08536 0.979

MnO2 7b 0.20301 0.983 0.40697 0.994
MnO2 + H2O2 - 0.42056 0.999 1.81215 0.998

GO - 0.06076 0.991 0.11268 0.980
GO-MnO2 - 0.05802 0.974 0.09595 0.976

GO-MnO2 (+H2O2) - 0.45993 0.997 1.34084 0.995
GO + MnO2 (+H2O2) - 0.07789 0.970 0.14492 0.992

The application of GO-MnO2 nanocomposite was also studied for the RB5 and degradation with
the addition of H2O2 at a concentration that was estimated for the mineralization of the dye from
the equation:

2C26H21O19N5S6Na4+87H2O2 → 52CO2 + 108H2O + 8Na + 10N + 12S, (5)

and was found to be 0.15 M.
The concentration of RB5 in the solution was measured at a certain reaction time, and the results

are presented in Figure 6a. For an initial concentration of 60 mg L−1, about 70% of RB5 was removed
by GO-MnO2 without the presence of H2O2 after 2 h, while the addition of 0.15 M H2O2 increased
the percentage removal to about 99%. H2O2 improved the RB5 degradation due to •OH creation,
according to a possible route described by Equation (6) [55]:

RB5-OH + •OH-H2O→ •RB5 = O + •OH→ CO2 + H2O. (6)

The application of GO-MnO2 for RB5 degradation was also studied with the addition of H2O2

for 20 and 100 mg L−1 initial RB5 solution concentrations, and the results are presented in Figure 6a.
These results convey that the increase in the initial concentration resulted in a decrease in the percentage
of removal/degradation of the dye. Experiments in the presence of H2O2—but in the absence of
catalyst—presented no decolorization of the solution. In presence of catalysts, the addition of H2O2

resulted in an increase in the removal/degradation. The percentage increase was different for the
different initial concentration. The lower concentration resulted in a lower increase, indicating that the
ratio C0 RB5/mM H2O2 is a crucial parameter.
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The degradation activity of the GO-MnO2 was also investigated spectroscopically by monitoring
the decolorization efficiency in UV-Vis spectra (250–750 nm). Figure 7a shows the UV-vis spectra of
the 100, 60, and 20 ppm RB5 aqueous solutions after 2 h contact time, with GO-MnO2 suspension
at pH 3 in the absence of H2O2, along with the UV-vis spectra of the 100 ppm RB5 initial solution.
From Figure 7a, it is seen that for the initial RB5 solution, the maximum absorbance was presented
at λmax ~599 nm in the visible region, which could be attributed to the –N=N– azo bond of the dye.
The intensity of this peak was relative to the azo dye concentration in the solution [56,57], and the blue
color of the dye was attributed to the n→p transition of the non-bonding electrons to the anti-banding
pi-group orbital of the double bond system. With the decrease in the concentration of the initial RB5
solution, the intensity of this band decreased due to the decolorization of the solution and the possible
cleavage of the azo bonds for the formation of –NH2 groups.
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In the presence of H2O2 (Figure 7b for 100 mg L−1 initial RB5 concentration), within 120 min,
the band seemed to be disappearing, suggesting a nearly complete decolorization of RB5. The bands
at 230 and 310 nm, which could be attributed to the benzene and naphthalene aromatic rings of
RB5 [58–60], were also not present, while new absorption bands were presented at ~267 and ~354 nm,
which could be attributed to aromatic amines and amino-naphthalene sulfonates [61].

The RB5 degradation activity of pure GO and of a mixture of GO and MnO2 was tested in the
presence of H2O2. The results are illustrated in Figure 7c, from which it is clear that the nanocomposite
presented a better performance from its precursor materials as well as from a mixture of the precursor
materials at the same weight percentage as in the nanocomposite, which suggests the beneficial
properties of the prepared nanocomposite. The above presented results are in agreement with those
presented by Zhang et al. [62] (with amorphous zero-valent iron) and Ben Mbarek et al. [63] (with
Mn-Al particles as the decolorizing material for RB5 aqueous solutions).
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3.3. Analysis of Surface Features

Figure 8 shows the FTIR spectra of GO-MnO2 nanocomposite. The spectrum for GO-MnO2

nanocomposite shows the characteristic absorption bands corresponding to graphite oxide from its
oxygen-containing functional groups at 1055, 1220, 1380, and 1724 cm−1 due to the stretching vibration
of alkoxy (C–O), C–O (epoxy), the deformation vibration of O–H carboxyl (C–OH), and the C=O
stretching vibration of COOH groups (carbonyl C=O), respectively [47]. It should be noted that the
bands between 1150 and 1380 cm−1 corresponding to the stretching vibration bands of C–O (epoxy)
and to the deformation vibration of O–H carboxyl (C–OH) were less intense for the composites,
indicating that these groups were involved in the nanocomposite formation. Moreover, the peak at
about 725 cm−1 was attributed to the Mn–O–Mn band [64], and the symmetric vibration of Mn–O–H
appeared at about 1060 cm−1 [65]. The presence of Mn–O–H indicated that Mn atoms of the MnO6

octahedron may have interacted with O atoms of the residual functional groups via a hydrogen bond
or a covalent coordination bond [66].
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Figure 8. FTIR spectra of GO-MnO2 before and after RB5 adsorption.

RB5 molecules present on the spent nanocomposites’ surface caused a shift in the band attributed
to the C=C bond of the aromatic ring, indicative of adsorption through pi-pi interactions between the
aromatic ring of the nanocomposites and the RB5 [66]. In the spectra of the nanocomposite after the
adsorption/degradation of RB5, new bands appeared, indicating that new products were additionally
formed as a result of the RB5 degradation. The new bands that appeared at 1074 cm−1 could be
attributed to C=N, while the bands at 1244 and 1211 cm−1 to C–N stretching and the shoulder at
1584 cm−1 could be attributed to N–H bending, indicating that primary amines were formed as a
result of the cleavage of the –N=N– bond of RB5 [60]. The bands at 1170 cm−1 revealed that there
were surface species with sulfone and/or sulfonate groups indicative of RB5 degradation; the bands at
about 1350 cm−1 could be also attributed to these groups. The increase in the band at about 718 cm−1,
which was due to the out of plane deformation vibration of aromatic C–H corresponding to para-
substituted aromatic rings, suggested that new degradation products accumulated on the catalyst’
surface as a consequence of the oxidative reactions on the impregnated GO surface. These degradation
products were adsorbed on the GO-MnO2 surface. The same results were presented by Mbarek et al.
after the degradation of RB5 by Mn85Al15 particles. Méndez-Martınéz et al. also presented similar
results [61] after the electrochemical treatment of the RB5 solution. For the spent MnO2, the bands
at 1160 and 1117 cm−1 revealed that there were oxygen surface species that attributed to the sulfone
and/or sulfonate groups, which was indicative of RB5 degradation. The bands at about 1360 cm−1

may have been due to these groups as well.

3.4. Degradation Mechanism

The GO-MnO2 nanocomposite presented a superior performance compared with the precursor
materials. The contact between MnO2 nanoparticles and GO sheets prevented the MnO2 from leaching
to the solution and efficiently catalyzed H2O2 to generate OH radicals, thus facilitating the dye
degradation [67]. Dye molecules were initially adsorbed onto the GO surface by pi-pi conjugation
mechanisms [68], as was revealed by FTIR results, and were degradated by MnO2. Small reaction
products molecules, i.e., SO4

2− from the RB5 decomposition, were desorbed from the MnO2 surface,
leading to the catalyst recovering [67]. Upon contact with the GO-MnO2 acidic surface (pH = 3),
RB5 exchanged electrons with MnO2. RB5 degradation could be described by equations of redox
reactions [63]:



Processes 2019, 7, 40 15 of 19

Mn→ Mn2+ + 2e−

2H2O→ H3O+ + OH−

2H3O+ + 2e− → H2 + 2H2O
R−N = N−N + H2 → R−NH−NH− R
R−NH−NH− R + H2 → R−NH2 + R−NH2

(7)

In acidic environments, the concentration of H3O+ increased, resulting in increased active H2 and
thus improving the azo dye degradation. The active H2 was seen during the reaction as bubbles in the
solution, while the presence of OH− ions (Equation (8)) resulted in a pH increase in the dye solution.
The pH was found to increase after the degradation from the initial level 3 to about 6.2 and 6.8 in the
solutions with MnO2 and GO-MnO2 catalysts, respectively. It was concluded that RB5 degradation in
the presence of either MnO2 or GO-MnO2 was based on H2 release and cleavage of –N=N– bonds to
–NH2 groups.

H2O2 could increase the RB5 degradation due to a Fenton-like mechanism [69]. H2O2 could react
with Mn ions, producing hydroxyl radicals that could attack and degrade the RB5 molecules according
to the following equations [69]:

Mn(IV) + 2H2O→ Mn(IV)∗H2O2 → Mn(II) + HO2
∗ + H+ → 2H+ + O2

∗

Mn(II) + H2O2 → Mn(IV) + HO∗ + OH−

HO∗(O2
∗−) + dye→ CO2 + H2O

(8)

The cleavage of the azo bonds could lead to the generation of alkylsulfonyl phenolic compounds
since the hydroxyl radicals could destroy the conjugated pi-systems according to Figure 9:
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7. Conclusions 

Figure 9. Possible mechanism of azo-bond cleavage in dye molecules.

The presence of graphene oxide supported the adsorption ability for RB5, indicating that having a
rich surface chemistry with a sufficient amount of hydroxyl groups leads to a sufficient RB5 degradation.
The modification of GO may be further examined for improvement of the degradation process.

4. Conclusions

GO proved to be an effective carbonaceous support for manganese oxide (MnO2) for the
preparation of a nanocomposite catalyst. The nanocomposite was tested for the degradation of RB5.
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The GO-MnO2 nanocomposite presented a high catalytic activity for the degradation/oxidation of RB5
in ambient conditions without light irradiation that reached equilibrium in 60 min. The GO-MnO2

catalytic activity was higher than that of its precursor materials. The addition of H2O2 resulted in
an increase in the removal/degradation of RB5. Degradation may have been due to the cleavage
of the azo bonds for the formation of –NH2 groups, which led to the decolorization of the
solution and the formation of new products as aromatic amines and amino-naphthalene sulfonates.
The higher RB5 degradation presented by GO-MnO2 nanocomposite was attributed to the presence
of graphene oxide with a sufficient amount of hydroxyl groups, which led to a more sufficient RB5
degradation. The improved RB5 degradation presented by GO-MnO2 nanocomposite, which reached
98% removal/degradation with a 20% concentration of manganese oxide in the nanocomposite
compared to 95% for pure manganese oxide, presented serious difficulties in the separation from
aquatic solutions, making the GO a sufficient carbonaceous support for manganese oxide that improved
the removal/degradation and the separation from the solution.
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